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Abstract—Space missions to explore Mars and Moon in situ
are of high interest, but hazard terrain with steep slopes, soft
soil, loose stones or high obstacles are a barrier for exploration
rovers with common wheels. It was shown that rimless wheel
rovers yield an enhanced performance in those environments
while letting the complexity of the rover unchanged. They
can cross higher obstacles, have a significant lower likelihood
to get stuck and can move faster compared to common wheel
rovers. At the Institute of System Dynamics and Control at
the German Aerospace Center (DLR), a modular rimless wheel
rover with flexible elements was designed for the purpose of
planetary exploration in the above mentioned terrain. Due to the
rimless wheels, the wheel circumference is not uniform. Hence,
for an improved controllability of the full rover locomotion, it
is reasonable to have control over the angular position of each
wheel and especially over their angular position relative to each
other.
In this paper, several of these phase shifts are presented and
compared. A setup in which the rover is driving straight
forward is chosen to compare the behavior and performance
of the different wheel configurations. The roll angle as well as
the vertical movement of each rover segment are measured in
simulation for different rover speeds and different phase shifts.
A comparison between the different phase shift schemes in the
sense of their waviness is made. The phase offsets have to be
adjusted by means of a controller such that disturbances do
not interfere significantly. For that reason, a PI controller was
implemented. The study presented in this paper shows how
the locomotion performance of a rimless wheel rover with com-
pliant spokes can be improved by a well-tuned wheel position
controller and the right choice of the phase shift configuration.
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1. INTRODUCTION
Space missions to Mars and Moon serve to investigate surface
properties, to explain the origin of these bodies and to find
evidence of life via in-situ exploration. Few exploration
rovers already operated on these two extraterrestrial bodies
or are planned to land there in the near future, see i.a. [1].
They got through flat terrain with some slopes with a sandy
and sometimes gravel surface. The Mars rover Curiosity and
Perseverance also inspected craters. Even more interesting
for planetary exploration are lava tubes and caves. In the case
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Figure 1. The scout rover developed at DLR.

that there exists life on Mars, the likelihood in these areas
is assumed to be way higher than on the already explored
ground [2]. These areas are known to exist from satellite
pictures.

The drawback of these areas is, that they are including loose
stones, high obstacles such as boulders, soft soil and addition-
ally steep slopes. In summary, it is challenging terrain. This
led to an increased research in the area of rover locomotion,
in particular in the design of different wheel shapes. In
space application, the goal is to maximize the performance to
reach the exploration goal safely while minimizing the risks,
more particularly minimizing the points of failures of a rover.
Considering the locomotion system, this means that the rover
can surpass as many different types of terrain as possible
while having as few actuators as necessary. One concept to
conciliate those requirements is the design of rimless wheels.
Thereby, the advantage of only one motor per actuator -
compared to multiple motors in a usual leg - is combined
with the benefits of the spokes of the rimless wheel: They
can surmount higher obstacles compared to common wheels
and they can swim through soft sand instead of sinking in [3].
Therefore, rimless wheels are a preferred choice for a rover
scouting on different challenging terrain. To become an all-
terrain-rover, it is desirable that the rover moves efficiently
on favorable, i.e. flat and rigid, ground, as well. This implies
that the rover body shall move forward smoothly which may
lead to:

• saving energy,
• less shaking of the rover and in particular the payload and
• better controllability and estimation of the rover path.

Such a rimless wheel rover is developed at the Institute of
System Dynamics and Control at the German Aerospace
Center (DLR), see figure 1 and [4]. This particular rover is
taken as instance to analyze rimless wheel rover locomotion
on a flat surface. It is designed out of three segments which
are passively flexibly linked. At each segment, one single
actuated rimless wheel with three flexible, curved spokes is
mounted on the left and right side, respectively.

To reach the desired smooth locomotion on flat terrain, it is
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reasonable to drive the six individual motors not disorderly,
but to control it in a certain arranged manner so that the
orientation of the rimless wheels is not random. Therefore,
phase shift schemes, that indicate the difference of the angular
position of the wheels, are designed for a rimless wheel rover
with six wheels, similar to gait schemes for legged mobile
hexapod robots. A controller is implemented to adjust these
phase shifts and also to keep them during driving.

In section 2, the state of the art of rimless wheel rover as
well as existing gait surveys are represented. The different
phase shift schemes are explained in section 3. In section
4, the design of the controller that is adjusting the wheels
is explained. In section 5, the setting of a simulation to
test the performance and its results are presented. Section
6 summarizes the results and gives an outlook over the future
topics of research on locomotion of rimless wheel rover.

2. STATE OF THE ART
The scout rover developed at DLR is not a completely new
idea, several rimless wheel rovers already existed before.
The RHex Robot [5] is also a hexapod rover, has compliant
legs as well, but possesses only one spoke per leg. Several
studies have been done about different gait schemes at the
RHex robot, but they include that the wheels do not turn
simultaneously, but one after another, as a result of only
one spoke per wheel. In particular, a clock-driven, open
loop tripod gait is studied on the RHex robot. The Lunar
WhegsTM[6] is a rimless wheel rover that is quite similar to
the DLR scout rover but has no flexible spokes. It is designed
to travel over different kinds of terrain on the moon, from
solid ground to discrete obstacles to loose substrates, and
it was tested in a simulated mars environment and a sand
testbed.

Many rimless wheel rover gaits are biologically inspired.
In [7], a cockroach gait serves as example for the motions
of the Whegs VP rover, a rover with three-spoked rimless
wheels. Comparing the cockroach gait to the Whegs VP
gait, similarities, like the pitch and roll motions and the
magnitude of the body motions, as well as differences like
the shape of the center of mass motion are observed. Other
animals are watched to switch their gaits for different speeds.
Switching gaits is executed - according to [8] - rather because
of dynamic stability than because of energy saving reasons.
The gait change for the cockroach gait is studied by WEIH-
MANN and others [9] on substrates with different friction
coefficients. It is observed that the cockroach changes from
its tripod gait in lower speeds to a rather metachronal gait at
high speeds. By comparison, the latter gait reveals a lower
vertical amplitude.

Single rimless wheels are studied for less than a few decades.
COLEMAN et al. [10] analyzed the three-dimensional motion
of a rimless wheel under gravitational influence rolling down
a slope. Many publications about the locomotion of single
rimless wheels that base as well on MCGEERs studies about
passive dynamic walking followed from several authors. In
[11], the phase-shift control for a double-wheg module is
developed, which is comparable to two rimless wheels on one
segment at DLR’s rimless wheel scout rover. A rimless wheel
rover with adjustable angles between the spokes was studied
in [12] to reduce the vertical oscillation of the rover’s center
of mass.

DLR’s rimless wheel scout rover is developed and optimized

Figure 2. The synchronous phase shift scheme and the
positive rotation direction of the wheels.

for its purpose to explore extraterrestrial caves and lava tubes
[13]. But also scouting scenarios on earth like assistance
in search and rescue tasks are conceivable. For more infor-
mation about the design of the rover, see [4]. The optimal
number of spokes and advantages of the current spoke shape
design is studied in [3].

3. PHASE SHIFTS
The shape of the rimless wheels leads to an intermittent
wheel-ground-contact. In systems view, this results in a
vertical rover segment movement and, depending on the
relative position of the individual wheels to each other, also
to a rolling movement around the longitudinal axis of each
segment. To minimize these, different positions of the six
rimless wheels relative to each other are investigated.

A rimless wheel with three spokes is rotationally symmetric
by 120 degrees, i.e. after a rotation of n · 120◦, n ∈ Z, the
wheel is in the same configuration as beforehand. The phase
shifts will be described as a vector of length six, containing
the rotation angles of the six wheels respectively, in the
following order:

{front left, front right,middle left, ...
middle right, rear left, rear right}.

The wheel on the front left is chosen to be the reference
wheel, i.e. it is always supposed to have a phase shift of 0
degrees. All the other wheels are then rotated relative to this
wheel with an angle of < 120◦ in positive direction. The
positive sense of rotations is defined as the direction that a
wheel has to turn to bring the rover forwards, cf. figure 2.

In the following, five different phase shift schemes will be
presented. They are based on biologically inspired hexapod
gaits on the one hand and the design of the rimless wheel
with three spokes on the other hand. The synchronous gait
is shown in figure 2, the other four phase shift schemes are
depicted in figure 3.

The most obvious phase shift scheme is the one where all of
the six wheels are positioned synchronously in the same ori-
entation, see figure 2. It can be described by {0, 0, 0, 0, 0, 0}.
Another phase shift scheme is the biologically inspired tripod
gait. In a legged robot, the front and rear legs on one
side of the body move at the same time as the middle leg
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on the respectively other side. Therefore, for the wheeled
robot, the tripod phase shift scheme is designed such that
the three wheels at the same positions, namely front and rear
on one side and middle on the other side, are synchronous.
Hence, two wheels next to each other have a phase shift of
60 degrees, what is corresponding to half the angle between
two spokes. Hence, the tripod gait can be described by
{0, 60, 60, 0, 0, 60}. The so-called quadruped scheme has the
wheel rotations {0, 40, 40, 80, 80, 0}. Therefore, two wheels
next to each other have a phase difference of 40 degrees.
One gait was designed such that none of the wheels are
synchronous. Because of the 120◦ angle, it is reasonable to
have a phase shift angle of 20◦. To fulfil this requirement,
the wheels at one segment have a phase shift of 60 degrees,
and the phase shift between segments next to each other is
set to 40 degrees. This phase shift scheme can be described
by {0, 60, 40, 100, 80, 20} and is called "ripple" phase shift,
based on the ripple gait for hexapods, presented in several
publications, whereby two legs are never moving at the same
time. The wave phase shift scheme is designed such that
the wheels in the middle segment are always synchronous.
The other four wheels have a phase shift of 40 degrees to
their neighbors, respectively. Therefore, the wave phase shift
scheme can be described via {0, 80, 40, 40, 80, 0}.

4. CONTROLLER DESIGN
The locomotion controller has two tasks: first, it adjusts
the rover velocity to bring the rover to a target point and
second, it has to keep the phase shifts between the different
wheels. Since the wheels are not steerable, the rover has to
drive curves via skid steering. Thereby, the wheels on the
left side and the right side of the rover rotate with different
velocities. In this case, a phase shift between the left and
right wheel of a segment cannot be held. Since the main
focus in this study lies in the different phase shift schemes
for different velocities, the current controller is designed for
straight driving only.

The control loop architecture for the full locomotion con-
troller is depicted in figure 4. The system constrains that a
target velocity for the rover is the input to command the full
rover. The wheel motors are controlled separately and expect
a motor rate as input command. The general wheel velocity
to move the rover forwards is computed in a feedforward. A
controller will then adjust the desired phase shifts.

The rover forward velocity in general can be calculated by
simple kinematic considerations. For a common wheel with
radius r, the single wheel rate ω̇ for a desired rover forward
velocity vR results from

ω̇ =
vR
r
. (1)

Since a rimless wheel does not have a circular circumference,
a reference wheel radius is introduced. Imagining the perime-
ter of the rimless wheel not as a circle, but as a triangle with
its corners at the tips of the spokes. Then, a circular wheel
with the same perimeter would have the radius

rref =
6l

2π
sin (60◦) =

3
√
3

2π
l, (2)

where l denotes the length from the wheel hub to the tip of a
spoke. This radius is taken as the reference radius of a rimless
wheel for the controller.

Figure 3. The phase shifts for the tripod, quadruped and
wave scheme.
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Figure 4. The control loop of the phase shift controller.

Figure 5. The circumference of the rimless wheel as circle
and triangle in black, as well as the reference wheel radius in

blue.

Altogether, the single wheel speed without any phase shift
considerations and for a straight rover motion can now be
calculated via this reference radius and equation 1. This is
done in the feedforward part of the full locomotion controller.

The output of the feedforward is integrated over time up to
the current point in time t0 and the desired phase shift ϕi for
wheel i, i = 1, ...6, is added to obtain the set point position
ωs,i for the respective wheel:

ωs,i = ϕi +

t0∫
0

ω̇(t)dt. (3)

Subtracting the actual measured wheel positions ωm,i re-
ceived from the motors, the wheel position error is obtained:

e = ωs,i − ωm,i. (4)

Because of the symmetry of the wheels, the position error
is manipulated via a modulus operation, so that the control
deviation is never larger than 60 degrees:

ẽ = ((e+ 60◦) mod 120◦)− 60◦. (5)

In this way, the correct phase shift is always reached via
the shortest possible distance. A controller is then applied.
Studying the system showed that a P controller is not suf-
ficient enough, whereas a PI controller yields the adequate
performance. Moreover, it was chosen due to the relations
of the input and the output of the controller. The controller
input is the deviation of the wheel positions and the controller
output is the velocity that the respective wheels have to move
with to reach the desired phase shift. The control variable is
added to the output from the feed forward to obtain the final
wheel velocity command to the single motors.

Figure 6. The vertebra model in Dymola.

Figure 7. The model of one spoke, including the foot, in
Dymola.

5. SIMULATION
The performances of the phase shifts are compared through
simulation in the modeling language Modelica. The sim-
ulation model is built in Dymola in the framework of the
Rover Simulation Toolkit [14] developed at DLR’s Institute
of System Dynamics and Control (SR).

The scout rover model has a total length of 1m, a width of
0.5m and a weight of 19.9kg under earth gravity, distributed
homogeneously throughout the rover body. The flexible
elements between the single segments, also called vertebra,
are modeled by a spring-damper system in roll and pitch
direction, see figure 6. The stiffness in roll direction is
30Nm/rad, the stiffness in pitch direction is 10Nm/rad. The
damping ratio has a value of 0.4. The model of the spokes is
shown in figure 7. The flexible, curved spokes of the rimless
wheels are modeled by two rectangular beams, connected via
a revolute joint with a spring-damper having a spring constant
of 35Nm/rad and a damping ratio of 0.1. In an unstressed
state, the distance from the wheel hub to the tip of a foot is
0.18m. For the feet, a rigid hemisphere is used as contact
body, connected through a prismatic joint with linear spring
damper to the spoke. The spring constant has a value of
10000N/m and a damping ratio of 0.2. The contact dynamics
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Figure 8. The vertical displacement for the three segments,
the four different speeds and the five different phase angles.

between the feet and the ground are calculated following
HERTZIAN theory between two hard, elastic bodies based on
the indentation depth. The modulus of elasticity of the ground
is 450000Pa and the modulus of elasticity of the feet, which
are the contact points between the rover and the ground, is
124000Pa. The coefficient of friction between the feet and
ground is 0.55.

In the simulation test setting, a scout rover model drives
straight on a flat, hard ground under earth gravity. The scout
rover is initialized with its wheels in the relevant phase shift
position. Then, a constant rover velocity is commanded for
12 seconds.

Vertical movement

The vertical movement is measured for all five phase schemes
at the center of each segment, which corresponds to the
center of mass if the mass of the wheels and their rotation
is neglected. The commanded rover speeds were 0.1m/s,
1.0m/s, 1.8m/s and 2.7m/s. The results are depicted in figure
8.

For a single rimless wheel with three spokes and a spoke
length of 18cm, like in the simulation, the maximal vertical
difference of the hub in the static case would be 9cm. This
is the difference between the highest hub height of 18cm in
the case one spoke is vertical to the ground, and the lowest
hub point of 9cm in the case that two spokes are touching the
ground as in figure 5.

Result—The vertical movement is by far the largest within the
synchronous phase shift scheme, up to 27.5cm in the middle
segment at a rover velocity of 1.8m/s. This is more than three
times the vertical difference of the hubs in the static case.
As this rover has elastic spokes, they are leading to a prance
of the rover. Visualization of the scenario is approving this
behavior. Also in the wave phase shift, a negative effect
of the elasticity of the spokes can be observed. It is the
only other phase shift, next to the synchronous one, that has
a higher vertical displacement than 9cm, but only for the
fastest rover velocity. Especially for the wave scheme, it can
be observed that the vertical displacement increases with an
increasing speed. A tendency to this behavior can be seen
also for the other phase shifts. This results from the flexibility
and shape of the spokes: in low rover velocities, the spokes
are compressed during vertical contact to the ground and
lengthened at the beginning and end of their contact phase,
which leads to a more regular effective wheel radius. In
high rover velocities, this effect cannot arise due to inertia
of the spokes. Moreover, the spokes bounce more which
is lifting the rover body. In general, the ripple scheme and
the tripod scheme have the best performance in terms of the
vertical movement, especially in rover velocities of 1.0m/s
and higher. The vertical displacement of the triple gait is
always less than 3cm for all segments in all of the measured
rover velocities. Also, the ripple phase shift shows a good
performance with vertical displacement of maximal 4.0cm
which was measured in the rear segment at the rover velocity
of 2.7m/s

Roll angle

The roll angle is measured for all the five phase schemes
at each segment. The maximum absolute values of the roll
angles for all of the five phase shift schemes in the four
different rover velocities are depicted in figure 9.

For a single segment the maximal roll angle in the static case
occurs when the wheel hub on one side of the rover is on its
lowest point of 9cm (cf. previous subsection) and the other
wheel hub is on its highest point of 18cm. For the sizes like
in the simulation, the maximal roll angle is given by 13.3◦.

Result—The maximum roll angle shows a different behavior
for the different phase shift schemes, especially in the middle
segment. Compared to the maximal roll angle in the static
case, the only two cases where the roll angle was higher
was in the rear segment of the quadruped (13.9◦) and ripple
(13.4◦) phase shift at a rover velocity of 2.7m/s. This results
again from the elasticity of the spokes, bringing oscillations
into the system.
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Figure 9. The roll angle for the three segments, the four
different speeds and the five different phase angles.

The synchronous phase shift scheme shows almost no roll
angle in all of its three segments for all of the speeds. The
wave scheme has a small roll angle in its middle segment, but
a roll angle of up to 13.2 degrees in its front and 12.3 degrees
in its rear segment. In general, it is observable that the roll
angle in the middle segment is always lower than 10 degrees,
independent of the phase shift scheme and the speed. This
can be explained by the fact that the neighboring segments
are compensating the movement via the flexible connection
between the segments. For all phase shift schemes except the
synchronous one, the roll angle in high speeds is higher than
10 degrees. Moreover, it is observable that in slow speeds,
the roll angle of the front segment is lower than in the rear
segment for the wave and the quadruped schemes. This effect
can also be seen in a lower extend in other phase shifts and
rover velocities. It can be explained by a combination of the

phase shift schemes and the influence of the segments on each
other due to the flexible connections between them.

Interpretation

All in all, there is not one preferred phase shift scheme that
exceeds all the others in performance of waviness for all
speeds. The synchronous scheme is good if a small roll
angle is desired, but it has a high vertical movement, except
in low speeds of 0.1m/s: thereby, the vertical displacement
of the single segments is similar to the other phase shift
schemes, and therefore the synchronous scheme would be
the preferable choice. The tripod scheme has an acceptable
roll angle and also a low vertical movement compared to the
others and would be the preferred choice for low waviness
in all rover velocities and on hard ground. The quadruped
phase shift scheme has lower vertical displacement than the
tripod scheme in the front and middle segment, but a higher
one in the rear segment. In the roll angle, it performs well
in lower speeds and relatively poor especially in the middle
and rear segment. The ripple scheme has a high roll angle in
almost all speeds and segments. On the other side, the vertical
displacement is one of the best for all segments and rover
velocities. The wave scheme has the second worst vertical
movement in the front and middle segment. Moreover, in the
front and rear segment, it has a large roll angle compared to
the other phase shift schemes.

6. CONCLUSION AND OUTLOOK
Different phase shift schemes for a rimless wheel rover
were introduced and compared for locomotion on flat terrain.
The synchronous scheme is the preferred choice in a very
low speed, whereas the tripod gait shows the best overall
performance compared to the other phase shift schemes.
Moreover, a controller to adjust and keep the phase shifts was
implemented.

As described in the chapter of the controller design, the
current controller cannot handle skid steering. Therefore,
further controller development should include an expansion
for curve driving. Further investigation will also include
phase shift scheme performances on different ground with
variable properties, in particular sands and rough terrains.
Besides, tests on hardware are planned.
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